Amyotrophic lateral sclerosis is a devastating neurodegenerative disorder that is more prevalent in males than in females. A similar gender difference has been reported in some strains of transgenic mouse models of familial amyotrophic lateral sclerosis harbouring the G93A mutation in CuZn superoxide dismutase. Mitochondrial damage caused by pathological alterations in Ca 2 + accumulation is frequently involved in neurodegenerative diseases, including CuZn superoxide dismutase-related amyotrophic lateral sclerosis, but its association with gender is not firmly established. In this study, we examined the effects of genetic ablation of cyclophilin D on gender differences in mice expressing G93A mutant CuZn superoxide dismutase. Cyclophilin D is a mitochondrial protein that promotes mitochondrial damage from accumulated Ca 2 + . As anticipated, we found that cyclophilin D ablation markedly increased Ca 2 + retention in brain mitochondria of both males and females.
10% of amyotrophic lateral sclerosis cases are familial 20% of which are associated with dominantly inherited mutations in CuZn superoxide dismutase (SOD1) (Rosen et al., 1993) , which cause a toxic gain of function of the protein (Gurney et al., 1994) . Consistent with the gender difference observed in humans, female G93A mutant SOD1 transgenic mice have a slower disease course than males, while ovariectomy accelerates disease progression, an effect that can be reversed by chronic oestrogen treatment (Choi et al., 2008) . This evidence suggests that oestrogen plays a protective role in amyotrophic lateral sclerosis.
A potential link between oestrogen and amyotrophic lateral sclerosis involves mitochondria and intracellular Ca 2 + homeostasis.
Mutant SOD1 causes mitochondrial dysfunction, resulting in abnormal Ca 2 + handling (reviewed in Kawamata and Manfredi, 2010) . Furthermore, in mitochondria from brain and spinal cord of G93A mutant SOD1 transgenic mice, Ca 2 + capacity decreases before disease onset (Damiano et al., 2006) , suggesting that abnormal Ca 2 + homeostasis is a primary pathogenic event.
Oestrogen regulates mitochondrial Ca 2 + handling (Lobaton et al., 2005) , and mitochondrial Ca 2 + uptake is higher in male than in female rat heart mitochondria (Arieli et al., 2004) , suggesting that lower mitochondrial Ca 2 + uptake may be protective in females. Oestrogen also modulates the mitochondrial permeability transition pore (Moro et al., 2010) , which follows excessive Ca 2 + accumulation in the matrix (Bernardi, 1999) . Inhibition of cyclophilin D (CypD), a mitochondrial matrix peptidylprolyl cis/ trans isomerase, which translocates to the inner membrane and promotes mitochondrial permeability transition pore opening (Connern and Halestrap, 1994) , is protective in certain disease models (Schinzel et al., 2005; Du et al., 2008; Thomas et al., 2012) . It was reported that cyclophilin D knockout (CypDKO) extended the survival of G93A mice (Martin et al., 2009) , but the effects of CypD deficiency on mitochondrial Ca 2 + handling were not investigated. Here, we show that genetic ablation of CypD (now known as Ppid in mice) abolishes the phenotypic advantage in female G93A mice. We determine that this effect is associated with a loss of gender difference in mitochondrial Ca 2 + handling. CypDKO eliminated the oestrogen-mediated ability of mitochondria to be protected from Ca 2 + overload, resulting in increased sensitivity to excitotoxicity. Based on these findings, we propose a novel mechanism of regulation, whereby oestrogen decreases mitochondrial Ca 2 + uptake in a CypD-dependent manner, affording neuroprotection in amyotrophic lateral sclerosis, and perhaps other diseases, by preventing Ca 2 + overload in mitochondria.
Materials and methods

Genetically modified mice
CypDKO mice have been previously described (Schinzel et al., 2005) . Mice were backcrossed into the C57BL/6J background for eight generations. G93A mutant human SOD1 mice in a C57BL/6J genetic background, strain B6.Cg-Tg(SOD1-G93A)1Gur/J, were from Jackson Laboratories. Both mouse lines were bred at the Weill Medical College of Cornell University animal facility. G93A male mice were crossed with female knockouts (CypDKO) to generate CypDKO-G93A mice and controls, as outlined in Supplementary Fig. 1 (the procedure for mouse genotyping is described in the Supplementary material). All experiments were approved by the Institutional Animal Care and Use Committee of the Weill Medical College of Cornell University and carried out in compliance with the National Institutes of Health guide for the care and use of laboratory animals.
Mouse disease phenotypes
Age of death was scored as the time when mice became unable to right themselves within 20 s after being placed on their side. Rotarod activity was assessed using an accelerating Rotarod every 2 weeks starting at 80 days of age. Mice were placed on the rod with an accelerating rotating speed (2 rpm/s), and the time that mice stayed on the rod until falling was recorded. To become acquainted with the apparatus (Columbus Instruments), mice were trained for 2 days. After training, mice were tested in three trials, and the best result was recorded. A time of 2 min was recorded as a normal score.
Muscle strength was assessed by wire hang test every 2 weeks, starting at 108 days of age. Following the placement of the mouse on top of a cage wire lid, the lid was gently waved in the air three times to make the mouse firmly grip, and then, turned upside down and held at 30 cm above the home cage for a maximum time of 2 min. Latency to fall was measured and averaged for three consecutive trials, with 5-min intervals between trials.
Isolation of brain and spinal cord mitochondria
All reagents were from Sigma, unless otherwise indicated. Isolation and purification of mouse brain and spinal cord mitochondria were performed as previously described (Damiano et al., 2006) , with some modifications (Supplementary material).
Western blots
Brain mitochondria proteins were denatured in Laemmli buffer containing b-mercaptoethanol at 100 C for 8 min. Proteins were separated by SDS-PAGE on 15% Tris-acrylamide/bis-acrylamide gels then transferred to polyvinylidene fluoride membranes. The membranes were probed overnight with primary antibodies at 4 C. The primary antibodies used were sheep polyclonal anti-SOD1 (1:1000, Calbiochem), mouse monoclonal anti-CypD (1:1000, Mitoscience) and mouse monoclonal anti-Tim23 (1:1000, BD Transduction Laboratories). Membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies (1:10 000) for 1 h, followed by detection of peroxidase substrate chemiluminescence (GE Healthcare).
Mitochondrial Ca 2 + uptake and membrane potential Mitochondrial Ca 2 + uptake was estimated fluorometrically with the calcium-sensitive fluorescent dye Fura-6F. Mitochondrial membrane potential was estimated using safranin O. Both procedures were performed as described previously (Damiano et al., 2006) , with modifications (Supplementary material).
Primary motor and cortical neuron cultures and glutamate exposure
Enriched motor neuron fraction from embryonic day 12.5 mouse embryo spinal cords and cortical neurons from embryonic day 18 mouse embryo cortices were prepared as described Magrane et al., 2012) . Neurons were cultured for 2 weeks before use. Motor neurons were plated in a 48-well plate (10 000 cells/well) for 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and on glass cover-slips (10 000 cells/cover-slip) precoated with polyornithine-laminin for immunofluorescence staining. Cortical neurons were plated in a 96-well plate precoated with polyornithine and laminin at a density of 20 000 cells/well for MTT and lactate dehydrogenase assays. For glutamate toxicity assays, neurons were exposed to 100 mM glutamate for 24 h, after 1 h of pretreatment with or without 10 mM 17b-oestradiol or vehicle (ethanol). 17b-Oestradiol was maintained in the culture for the duration of glutamate exposure. For motor neurons, five embryos for each genotype were pooled, and the neurons plated in three wells for treatments and measurements of cell viability. For cortical neurons, nine individual embryos were used for each genotype, and the neurons plated in three wells for treatments and measurements of cell viability.
Cell viability determination
Neuronal viability was determined by MTT and lactate dehydrogenase assays. MTT (5 mg/ml in PBS) was added to culture medium in 48-well or 96-well plates at a final concentration of 0.5 mg/ml. The plates were incubated for 3 h, and then cells were solubilized in dimethyl sulphoxide. Absorbance was measured at 595 nm. Lactate dehydrogenase assay was conducted with the CytoTox 96 Õ Non-Radioactive Cytotoxicity assay kit (Promega) according to the manufacturer's protocol. Maximum lactate dehydrogenase release was determined by incubating cells with 0.8% Triton TM X-100.
Statistical analyses
Survival data were analysed by Kaplan-Meier survival curves by Prism 5.0 software (GraphPad Software). All other statistical comparisons among groups were performed by one-way ANOVA followed by Newman-Keuls post hoc test.
Results
Generation of cyclophilin D-deficient G93A mutant SOD1 mice
CypD-deficient G93A (CypDKO-G93A) mice were generated as illustrated in Supplementary Fig. 1 . PCR of the CypD wild-type allele amplified a 250-bp band, while the KO allele yielded a 450-bp band (Fig. 1A , left). PCR also detected the presence or absence of a human SOD1 transgene-specific 236-bp DNA fragment (Fig.  1A , right) An interleukin 2-specific 324-bp PCR product was used as an internal positive control. By immunoblot, CypD was undetectable in brain mitochondria from CypDKO and CypDKO-G93A mice, while it was reduced by $50% in CypD heterozygotes compared with CypD wild-type mitochondria (Fig. 1B) . The ablation of CypD did not affect the content of SOD1 in G93A brain mitochondria (Fig. 1B) .
Cyclophilin D ablation abolishes the phenotypic advantage in female G93A mice
To investigate the effects of CypD ablation on disease, we compared lifespan, motor performance, muscle strength and body weight. Of note, the mean survival of both male and female G93A control mice (i.e. containing both CypD alleles, herein referred as G93A mice) obtained by crossing the pure C57BL/6J with the strain reported by Schinzel et al. (2005) was longer than that of G93A mice in the pure C57BL/6J genetic background (157 days). We determined that the cumulative survival percentage ( Fig. 2A ) and the mean survival ( Fig. 2B ) in female G93A mice were higher than that in males by $10% [211 AE 3.4 days, n = 40 (female G93A) versus 192 AE 2.0 days, n = 42 (male G93A); P 5 0.01]. CypD ablation caused a decrease in the mean survival of female, but not male, G93A mice [193 AE 3.2 days, n = 25 (female CypDKO-G93A) versus 189 AE 2.6 days, n = 33 (male CypDKO-G93A)].
The onset of motor impairment, when a decline in Rotarod performance started, was at 150 days in male and 164 days in female G93A mice (Fig. 2C ). Muscle strength, assessed by wire hang test, started to decline at 150 days in both male and female Immunoblots of purified brain mitochondria using anti-CypD and anti-SOD1 antibodies. CypD was undetectable in the mitochondria of CypDKO and CypDKO-G93A mice. Human transgenic SOD1 was detected in the mitochondria of G93A, CypDHet-G93A and CypDKO-G93A mice. A monoclonal antibody against the inner membrane protein Tim23 was used as a loading control for mitochondria. mSOD1 = mouse SOD1; hSOD1 = human SOD1.
G93A mice (Fig. 2D) . However, female G93A mice had a slower rate of motor decline than males. CypD ablation accelerated the decline in Rotarod performance and muscle strength in female G93A mice, thereby eliminating the gender difference in motor phenotype.
Body weight of G93A mice started to decline in both G93A and CypDKO-G93A mice at 164 days of age. There was no difference in the rate of decline in male (Supplementary Fig. 2A ) and female ( Supplementary Fig. 2B Supplementary Fig. 3 ). Ca 2 + uptake thresholds in male and female G93A mitochondria were significantly lower, compared with non-transgenic mitochondria [ Fig. 3A and B; 1351.2 AE 54.0 nmol Ca 2 + /mg (male non-transgenic) versus 1068.9 AE 28.6
(male G93A), P 5 0.01; 1106.9 AE 32.6 (female non-transgenic) versus 872.5 AE 71 (female G93A), P 5 0.01; n = 6 mice per group]. In both non-transgenic and G93A mice, females had significantly lower mitochondrial Ca 2 + uptake than males ( Fig. 3A and B, P 5 0.01 in both groups). CypDKO and CypDKO-G93A mice mitochondria accumulated more Ca 2 + than that of non-transgenic and G93A ones ( Fig. 3A and B) . CypDKO-G93A mice mitochondria had less Ca 2 + uptake than CypDKO mice mitochondria, consistent with mitochondrial impairment caused by mutant SOD1. However, in CypDKO mice, the differences between mitochondria of males and females were abolished (male CypDKO: 2058.4 AE 58.9 nmol Ca 2 + /mg; female CypDKO:
1965.7 AE 63.3; male CypDKO-G93A: 1573.8 AE 87.0; female CypDKO-G93A: 1729.6 AE 51.0; n = 6 mice per group). Saturation of mitochondrial Ca 2 + uptake is accompanied by a loss of mitochondrial membrane potential (ÁÉ m ) in brain mitochondria (Chalmers and Nicholls, 2003) . Thus, we measured the sensitivity of ÁÉ m to increasing concentrations of Ca 2 + (Damiano et al., 2006) . For comparison among the various groups, we used the change in ÁÉ m after addition of 75 nmol Ca 2 + ( Supplementary Fig. 4) . ÁÉ m decrease in G93A mice brain mitochondria in response to 75 nmol Ca 2 + was more pronounced than in non-transgenic mice mitochondria, in both males and females and CypDKO-G93A (males: n = 9; females: n = 10) mice. (D) Muscle strength in G93A (males: n = 5; females: n = 6) and CypDKO-G93A (males n = 9, females n = 9) mice expressed as hanging time in seconds. CypDKO accelerated motor performance impairment and muscle weakness in female G93A mice. Data are presented as mean AE SEM. **P 5 0.01, *P 5 0.05. (Fig. 3C) . In male non-transgenic mice mitochondria, average residual ÁÉ m after Ca 2 + loading (ÁÉ m 75 nmol Ca 2þ ) was 81 AE 2.3% versus 65 AE 1.2% in G93A males (P 5 0.01, n = 5 mice per group). In female non-transgenic mice mitochondria, it was 70 AE 1.5% versus 57 AE 1.3% in G93A female mice mitochondria (P 5 0.01, n = 5 mice per group). ÁÉ m was decreased more in mitochondria of females than of males, in both non-transgenic and G93A groups (P 5 0.01). Since motor neuron degeneration in G93A mice affects the spinal cord more severely than the brain, we also investigated the Ca 2 + capacity of mitochondria isolated from pools of spinal cords. Consistent with the result in brain mitochondria, spinal cord mitochondrial Ca 2 + capacity was decreased in both non-transgenic and G93A females, but CypD ablation increased Ca 2 + capacity in all groups and eliminated the gender differences (Fig. 4) . loads than that from females, both in WT and G93A mice (n = 5 mice per group). CypDKO abolished the gender differences for both parameters. Error bars indicate mean AE SEM. *P 5 0.01: statistically significant differences between male and female mice; #P 5 0.01: statistically significant differences between non-transgenic and G93A mice; n.s = not significant.
Oestrogen neuroprotection in amyotrophic lateral sclerosis Oestrogen protects mitochondria against Ca 2 + -induced damage by regulating Ca 2 + handling in a cyclophilin D-dependent manner The gender differences in disease phenotype and neural mitochondrial Ca 2 + handling suggest a role for oestrogen regulation.
Mitochondrial Ca 2 + uptake is modulated by 17b-oestradiol (Batra, 1973; Horvat et al., 2000) . To assess the role of oestrogen in mitochondrial Ca 2 + handling in G93A mice, brain mitochondria were treated with 10 mM 17b-oestradiol or its stereoisomer 17-oestradiol, which has 200-fold less affinity for the oestrogen receptor. 17b-oestradiol decreased Ca 2 + capacity in both male and female non-transgenic mice (male non-transgenic: 71 AE 3.8% of untreated; female non-transgenic mice: 75 AE 5.8% of untreated, n = 5; P 50.01; Fig. 5A ) and of male G93A mice (74 AE 8% of untreated, n = 5; P 5 0.01; Fig. 5B ), but not of female G93A mice (101 AE 8.9% of untreated, n = 5; Fig. 5B ). CypDKO completely abolished 17b-oestradiol regulation of Ca 2 + handling in non-transgenic and G93A mice mitochondria, in both genders (male CypDKO: 95 AE 3.5% of untreated; female CypDKO: 95 AE 2.6% of untreated; n = 5; Fig. 5C ; male CypDKO-G93A: 95 AE 6.5% of untreated; female CypDKO-G93A: 90 AE 7.5% of untreated; n = 5; Fig. 5D ). These results were reproduced in spinal cord mitochondria ( Supplementary  Fig. 5 ). Mitochondrial Ca 2 + uptake threshold was unaffected by 17-oestradiol treatment ( Supplementary Fig. 6A-D) , indicating that the effect on mitochondrial Ca 2 + handling of oestradiol is mediated through the oestrogen receptor.
To assess the gender-specific protection against mitochondrial damage induced by Ca 2 + overload, we measured mitochondrial membrane swelling (Supplementary material). Non-transgenic and, more prominently, G93A male mitochondria swelled in response to Ca 2 + load female mitochondria did not swell ( Supplementary Fig. 7A ). 17b-Oestradiol completely protected both non-transgenic and G93A male mice mitochondria from Ca 2 + -induced swelling ( Supplementary Fig. 7B ), indicating that oestrogen confers protection against Ca 2 + -induced damage.
Taken together, these results indicate that oestrogen decreases neural mitochondrial Ca 2 + accumulation and protects against mitochondrial damage, in an oestrogen receptor-and CypDdependent manner.
Cyclophilin D ablation abolishes oestrogen protection against glutamate toxicity in G93A neurons 17b-Oestradiol was shown to protect motor neurons expressing mutant SOD1 against the toxic effects of glutamate-induced intracellular Ca 2 + rise (Kruman et al., 1999) . To test the role of CypD in the mechanisms of oestrogen protection against neuronal Ca 2 + -mediated toxicity, we treated embryonic cortical neurons (embryonic Day 18) and spinal cord motor neurons (embryonic Day 12.5) from G93A or CypDKO-G93A mice with glutamate (100 mM) for 24 h, in the presence or absence of 17b-oestradiol (10 mM), administered 1 h before and throughout glutamate exposure. 17b-Oestradiol protected G93A motor neurons against glutamate toxicity, but the protection was completely abolished in CypDKO-G93A neurons, as assessed by phase contrast microscopy (Fig. 6A ) and by immunostaining with an SMI32 antibody, a motor neuron marker (as outlined in Supplementary material and Supplementary Fig. 8A ). The treatment of neurons with glutamate (100 mM) induced significant loss of neuronal survival in both motor neurons (66 AE 7.1% of untreated; P 5 0.01; Fig. 6B ) and cortical neurons (63 AE 2.7% of untreated; P 5 0.01; Fig.  6C ), by the MTT assay. Treatment of neurons with 17b-oestradiol, administered before and during glutamate exposure, decreased glutamate-induced cell death (motor neurons: 84 AE 3.2% of untreated; cortical neurons: 83 AE 1.4% of untreated). However, CypDKO-G93A neurons treated with 17b-oestradiol and glutamate showed only 62 AE 2.3% (motor neuron) and 64 AE 2.4% (cortical neuron) survival (Fig. 6B  and C) . The loss of protection by 17b-oestradiol in CypDKO-G93A cortical neurons was confirmed with an independent cell death assay that measures lactate dehydrogenase release ( Supplementary Fig. 8B ).
These data support the hypothesis that CypD is necessary for oestrogen-mediated protection of mitochondria against Ca 2 + toxicity induced by glutamate.
Discussion
Gender differences in amyotrophic lateral sclerosis
Gender is one of the risk factors in amyotrophic lateral sclerosis (Traynor et al., 1999) . Males are almost twice as likely to be affected as females, but the difference is less significant when the disease onset is at an older age (Haverkamp et al., 1995; Chio et al., 2011) , suggesting that declining oestrogen levels may result in loss of neuroprotection. Furthermore, females with amyotrophic lateral sclerosis have a history of earlier menopause than controls. Taken together these epidemiological observations imply oestrogen as a protective factor against amyotrophic lateral sclerosis (Chio et al., 1991) . This protection has to be prolonged and start early in life, since studies in postmenopausal females did not show neuroprotective effects of oestrogen replacement on incidence or progression of amyotrophic lateral sclerosis (Rudnicki, 1999) . The gender differences are well characterized in some of the G93A-SOD1 mouse lines. Female G93A mice have slower disease course and longer survival than males (Kirkinezos et al., 2003) . Ovariectomy in female G93A mice leads to disease acceleration, which becomes identical to that of males (Groeneveld et al., 2004) , while treatment with 17b-oestradiol delays disease progression of ovariectomized females (Groeneveld et al., 2004; Choi et al., 2008) . These observations strongly suggest that oestrogen plays a role in modulating SOD1-familial amyotrophic lateral sclerosis outcomes. 140-day-old mice was performed on purified brain mitochondria treated with 10 mM 17b-oestradiol (E2b), as in the experiment in Fig. 3A . 17b-Oestradiol was added to mitochondria for 100 s before Ca 2 + loading. Averaged absolute Ca 2 + uptake thresholds (nmol Ca 2 + /mg of protein) are shown (n = 5 mice for each genotype, using mitochondria preparation from independent animals; *P 5 0.01).
In this study, we crossed G93A mice in the C57BL/6J background with the CypDKO mouse line described by Schinzel et al. (2005) . There was no gender-specific phenotypic difference in the G93A mice in pure C57BL/6J background ( Supplementary Fig.  9A-C) , but on crossing with the CypDKO line, the average lifespan was increased in both genders, and females had later disease onset and longer survival (Fig. 2) . This is in agreement with the observation that gender differences in the SOD1 mice depend on modifying genetic factors (Heiman-Patterson et al., 2005) .
The effects of oestrogen on mitochondrial Ca 2 + handling
Oestrogen can directly modulate mitochondrial function through the oestrogen receptor in the mitochondria (Yang et al., 2004) . Consistently, we found that 17-oestradiol, with low oestrogen receptor affinity, did not affect mitochondrial Ca 2 + handling ( Supplementary Fig. 6A-D) , 17b-oestradiol affected Ca 2 + handling almost instantaneously, indicating that it acts directly on the mitochondrial oestrogen receptor.
To address the contribution of mitochondrial Ca 2 + handling and CypD to the phenotypic gender differences in G93A mice, we used a genetic approach to completely eliminate CypD. CypD ablation worsened the phenotype of female G93A mice, in contrast to a previous study, where CypD ablation increased lifespan in G93A mice more prominently in females than in males (Martin et al., 2009) . Reasons for this discrepancy may include the mouse genetic background since in some lines, the gender differences are lost due to mutations of yet unidentified genes (Heiman-Patterson et al., 2005) . In particular, the gender effects on mitochondrial Ca 2 + handling were not investigated in that study.
In liver mitochondria, modulation of the Ca 2 + uniporter is responsible for lower female Ca 2 + uptake, independent of mitochondrial permeability transition pore (Arieli et al., 2004) . Here, we show for the first time that both normal and SOD1 mutant female brain and spinal cord mitochondria have lower Ca 2 + uptake than male mitochondria. Since ablation of CypD abolished the gender differences (Figs 3 and 4) , we now propose that in the brain CypD plays a crucial role in the gender difference in mitochondrial Ca 2 + handling.
The role of cyclophilin D in the oestrogen regulation of mitochondrial Ca 2 + handling
CypD increased brain and spinal cord mitochondria Ca 2 + capacity in non-transgenic and G93A mice, but CypDKO-G93A Figure 6 Effect of CypD ablation on glutamate toxicity in cultured spinal cord motor neurons and cortical neurons. Embryonic motor neurons (E12.5) and cortical neurons (E18) were cultured in vitro for 2 weeks. Where indicated, neurons were pretreated with 10 mM 17b-oestradiol (E2b) for 1 h, followed by 100 mM glutamate (Glu) exposure for 24 h in the presence of 17b-oestradiol. (A) Phase contrast images of spinal cord motor neurons. Viable neurons (filled arrows) had intact long neuritic processes, whereas dead or dying neurons (unfilled arrows) had shorter neuritis with beaded appearance. Cell viability was assessed using an MTT-based assay (cell survival) in motor neurons (B) and cortical neurons. (C) 17b-Oestradiol attenuated the loss of cell viability caused by glutamate in G93A neurons, but not in CypDKO-G93A neurons. Data are presented as mean AE SEM (n = 3 for motor neurons; n = 9 for cortical neurons, *P 5 0.01).
mitochondria still had less Ca 2 + capacity than CypDKO. This is explained by the bioenergetic defects in G93A mitochondria (Jung et al., 2002; Mattiazzi et al., 2002) . CypD ablation raises the Ca 2 + threshold for mitochondrial permeability transition pore in both groups but does not eliminate the bioenergetic defects in G93A mitochondria. We propose that lower Ca 2 + uptake in females is a defence mechanism that prevents Ca 2 + overload in neural mitochondria, and that this mechanism depends on CypD, as it is lost on its ablation. CypD may control a 'low conductance' permeability pore, allowing for regulated mitochondrial Ca 2 + release (Novgorodov and Gudz, 1996) . This putative Ca 2 + release pathway is dependent on oestrogen and mitochondrial oestrogen receptor, in agreement with earlier observations in myometrium and heart mitochondria, where 10 mM 17b-oestradiol inhibited mitochondrial Ca 2 + uptake (Batra, 1973) and increased Ca 2 + efflux (Horvat et al., 2000) . In brain, we showed that 17b-oestradiol decreased mitochondrial Ca 2 + capacity (Fig. 5) , in males more than females.
The stronger effect of 17b-oestradiol in male mitochondria may be explained by the fact that female mitochondria are naturally exposed to high oestrogen concentration, which may already occupy the mitochondrial oestrogen receptor.
The interplay between oestrogen and cyclophilin D in mitochondrial neuroprotection
The novel neuroprotective mechanism that we propose in G93A female mice may apply to diverse disease conditions, where mitochondrial Ca 2 + overload plays a neurotoxic role. A paradigmatic example is glutamate excitotoxicity, one of the potential mechanisms in amyotrophic lateral sclerosis pathogenesis (Rothstein, 1996) . Excitotoxic glutamate causes massive cytosolic Ca 2 + influx and excessive mitochondrial Ca 2 + accumulation in neurons, followed by mitochondrial dysfunction and cell death. 17b-Oestradiol protected neurons from G93A mice against glutamate toxicity (Kruman et al., 1999) and excessive mitochondrial Ca 2 + accumulation in cells exposed to H 2 O 2 (Wang et al., 2006) .
However, consistent with our hypothesis, 17b-oestradiol failed to protect G93A neurons lacking CypD from glutamate toxicity (Fig. 6) . The neuroprotective effects of oestrogen could be in part mediated through decreased mitochondrial Ca 2 + accumulation and dependent of the mitochondrial oestrogen receptor and CypD. This hypothesis assumes that oestrogen binds to oestrogen receptor in mitochondria and promotes a functional interaction with CypD. This interaction allows for the opening of a controlled Ca 2 + release pathway that decreases net Ca 2 + uptake, thereby protecting mitochondria against Ca 2 + overload. This protection alleviates the stress on mitochondria that are burdened by bioenergetic defects caused by aberrant interactions of mutant SOD1 with mitochondrial protein, such as Bcl2 (Pedrini et al., 2010) and VDAC (Israelson et al., 2010) , and by protein misfolding in the intermembrane space (Igoudjil et al., 2011) . The interaction between CypD and oestrogen receptor could be direct or otherwise mediated by other protein complexes. Intriguingly, it was shown that both CypD (Giorgio et al., 2009; Chinopoulos et al., 2011) and oestrogen receptor (Alvarez-Delgado et al., 2010) bind to the mitochondrial ATPase complex, suggesting that ATPase could be a hub for oestrogen receptor-CypD interaction.
Conclusion
Additional studies are needed to elucidate the molecular characteristics of these interactions and potential requirements for other components of the regulatory pathway. Nevertheless, this pathway may become a target for neuroprotection in chronic neurodegenerative diseases and open new windows of opportunity to test pharmacological approaches.
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